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ABSTRACT 

Common r o c k - f o r n i n g  n i n e r a l s  h a v e  t h e r r a l  i n f r a r e d  s p e c t r a l  f e a t u r e s  t h a t  a r e  
m e a s u r e d  i n  t h e  l a b o r a t o r y  t o  i n f e r  c o m p o s i t i o n ,  N A S A  nu#  o p e r a t e s  an  a i r b o r n e  
O a e d a l u s  s c a n n e r  ( T l H S I  t h a t  c o l l e c t s  s i x  c h a n n e l s  o f  t h e r a a l  i n f r a r e d  
r a d i a n c e  d a t a  ( 0  t o  1 2  un) t h a t  may be u s e d  t o  n e a s u r e  t h e s e  same f e a t u r e s  f o r  
r o c k  i d e n t i f i c a t i o n .  P r e v i o u s l y ,  f a l s e - c o l o r  c o m p o s i t e  p i c t u r e s  l a d e  f r o r  
i h a i i i t e l s  1,3, a n d  J a n d  e n i t t a n c e  s p e c t r a  f n r  srall a r e a s  O R  t h e s e  i B a g e s  h a v e  
b e e n  u s e d  t o  n a k e  l i t h o l o g i c  maps .  I n  t h i s  a r t i c l e ,  c e n t r a l  w a v e l e n g t h ,  
s t a n d a r d  d e v i a t i o n  a n d  a a p l i t u d e  o f  n o r r a l  c u r v e s  r e p r e s s e d  on  t h e  e r i t t a n c e  
s p e c t r a  a r e  r e l a t e d  t o  c o m p o s i t i o n a l  i n f o r n a t i o n  f u r  c r y s t r f f f n r  f p n r a u s  
s i l i c a t e  r o c k s .  As e x p e c t e d ,  t h e  c e n t r a l  w a v e l e n g t h  v a r i e s  s y s t e n a t i c a l l y  
N i t h  s i l i c a  c o n t e n t  and  w i t h  n o d a l  q u a r t z  c o n t e n t .  S t a n d a r d  d e v i a t i o n  i s  l e s s  
s e n s i t i v e  t o  c o m p o s i t i o n a l  c h a n g e s ,  b u t  l a r g e  v a l u e s  a a y  r e s u l t  f r o a  a i x e d  
r o c k  t y p e s  w i t h i n  a p i x e l .  A a p l i t u d e  v a r i e s  w i t h  q u a r t z  c o n t e n t  and  a l s o  w i t h  
a d n i x t u r e  o f  v e g e t a t i o n .  C o m p r e s s i o n  o f  t h e  s i x  T X H S  c h a n n e l s  t o  t h r e e  i r a g e  
c h a n n e l s  n a d e  f r o r  t h e  r e g r e s s e d  p a r a m e t e r s  a a y  be  e f f e c t i v e  i n  i n p r o v i n g  
g e o l o g i c  m a p p i n g  f r o r  T I N S  d a t a ,  and t h e s e  s y n t h e t i c  i a a q e s  n a y  f o r a  a b a s i s  
f o r  t h e  r e m o t e  a s s e s s a e n t  o f  r o c k  c o n p o s i t i o n .  

INTRODUCTION 

Common rock-forming minerals have thermal infrared spectral 
characteristics khat can b e  used to infer rock compositions and 
construct lithologic maps from remotely sensed images. The 
strongest spectral features lie between 8 and 10 m and are 
attributed to the fundamental vibrations of Si-0 [e.g., Hunt and 
Saiisbury, 1974; i iunt,  i 9 i i O j .  These ~ e s t s t r a h l e i ,  bands are m o s t  
pronounced in quartz. Partial substitution of 41, Mg or other 
elements for Si in a wide range of silicate minerals results in 
changes in the width, depth and wavelength of the band, as well 
as changes in its fine structure Ce.g., Lyon, 19653. For 
example, reststrahfen bands for quartz (SiO,) are centered near 
8.6-9.2 m; for albite cNaGISinB=i !at about 8.7-9.9 ram; and far 
olivine ( (Mg,Fe)2Si04) at about 10.0-10.5 m. Although rock 
spectra are not simple mixtures of mineral spectra, systematic 
dif+erences in the emittance spectra of rocks do correspond to 
features in the spectra of  the major constituent minerals. These 
dif+erences are sufficient to produce distinct differences in the 
apparent temperatures measured remotely, at different wave- 
lengths. Thus multispectral thermal measurement.5 are a means of 
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TIMS Data 

TIMS is a Eaedaluc, airborne line-scanner operated by N M A  on its 
NSTL Lear jet. TfMS acquires 5ix channels of radiance (photon 
f l u x )  data in spectral bands having peak. sensitivities at 8.3, 
8.7, 9.1, 9.8, lG.4, and 1 1 . 3  m, respectively. Details of the 
instrument a r e  available in Fallucuni and Meeks C19851. 

During the summpr of 1?82 TIMS was flown over granitic rock5 in 
the Sierra Nevada batholith, California, and again over the 
Josephine ophictlite in northern California and southern Oregon, 
acquiring d a t a  for a wide range of crystalline igneous silicate 
rocks. TIMS data acquired over Death Valley, California CKahle 
and Walker, 13841 were u s e d  ta augment these data. TIMS was 
flcjwn near D G O ~  ta maximize the thermal radiance and hence the 
5 ignaf /na ise  ratio. Data were provided to JF'L by NASA/NSTL as 
computer-compatible tapes. 
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assess;ing rock composition, and multichannel thermal. infrared 
image-s are a mean5 of extending this information regionally, to 
form a basis for lithologic maps Ce.gb, Vincent et al., i972; 
Khhle and Rowan, i9eOI. 

F:ecentl y , NASA has acqui red a Thermal Inf rared Mu1 ti spectral 
Scanner [TINS) that measures six channels of photon flux data in 
the spectral region 8-12 m CFalfuconi and Meeks, 19851. 
Previously, TIMS data have been displayed as false-color pictures 
made .from three of the six image channels, enhanced to emphasize 
emittance information CSoha and Schwar-tz, 1978; Gillespie et al., 
19867. This approach does not make use od information from the 
discarded image channels. In a different approach, thermal 
emittances may be calculated from each of the image channels and 
displayed ac, spectra CKahle and Walker, 1 9 8 4 1 .  Although in this 
approach no data are discarded, the obvious advantages of photo- 
interpretation cannat be expfnited tiecause the data are no longer 
displayed 35 pictures. If the emittance images themselve5 are 
displayed as false-color pict~res, then three channels must still 
be di scar-ded. 

T h i s  paper discct5ses a method that combines the virtues of both 
the pictorial and spectral analyses. I model the calculated 
emittance s p e c t r a  with Gaussian functicns, which have only three 
parameters: a central wavelength, a standard deviation and an 
amp1 i tude. In principle, these may be displayed using cslor 
p i c t Ltr e5. Because the displayed parameters are calculated frum 
all six measured valuer, m u r e  informatian is displayed than in 
false-calor pictures made from the acquired data. In this paper, 
I attempt to show that significant lithologic information is 
contained in t h e s e  calculated parameters, and that they vary 
systematically with conventional measures of composition. The 
three parameters thus form a basis for quantitative photo- 
interpretaticn and lithologic mapping. 
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Ancillary Data 

Thermal r e f l e c t a n c e  s p e c t r a  w e r e  measured fot- r e p r e s e n t a t i v e  rock 
s a m p l e s  c o l l e c t e d  i n  t h e  f i e l d ,  c1n f r e s h l y  b roken  and n a t u r a l  
w e a t h e r e d  s u r f a c e s .  T h i s  w a s  d o n e  a t  JPL u s i n g  a n  A n a l e c t  
F o u r i e r  T rans fo rm I n f r a r e d  S p e c t r o m e t e r .  S p e c t r a  were a v e r a g e d  
f a r  r o u g h l y  25 l o c a t i o n s  OR each  r o c k  sampl?,  depend ing  o n  g r a i n  
s i z e ,  t o  e n s u r e  t h a t  t h e y  r e p r e s e n t e d  t h e  brtlk rock c o m p o s i t i o n  
and  c o u l d  be r e l a t e d  t o  TIMS d a t a  c o l l e c t e d  n v e r  o u t c r o p  areas of 
“400 mz. 

E s t i m a t e s  w e r e  made of t h e  modal m i n e r a l  abundances  i n  s e l e c t e d  
s a m p l e s  by p o i n t  c o u n t s  of t h i n  s e c t i a n s  C G i l l e s p i e  and  Abbu t t ,  
19843. Si& c o n t e n t  was measured by e l e c t r o n  m i c r o p r o b s  a n a l p i s  
of g l a s s  b e a d s  f u s e d  from powdered r o c k  s ample5  Ce.g., Nash, 
1964; E a l d r i d g e ,  19797. Results w e r e  checked  a g a i n s t  v a l u e s  
c a l c u l a t e d  f rom t h e  modal m i n e r a l  abundances  f o r  t h e  s a m e  
;amp1 es. 

DATA PROCESSING 

TIMS Data 

C a l i b r a t i o n  and C o r r e c t i o n . . ,  The TIMS images  w e r e  c o r r e c t e d  fo r  
s y s t e m a t i c  panoramic  d i s t o r t i o n s  u s i n g  a n e a r e s t - n e i g h b o r  algo-- 
r i t h r n  ( n o t  i n t e r p o l a t i o n ) ,  t o  a v o i d  f u r t h e r  s p e c t r a l  m i s i n g  t h a n  
w a s  i n h e r e n t  i n  t h e  d a t a  as a c q u i r e d .  The d a t a  w e r e  c o n v e r t e d  t a  
u n i t s  of pho ton  f l u x ,  u s i n g  t h e  l i n e - b y - l i n e  i n t e r n a l  b l ackbody  
reference or c a l i b r a t i o n  v a l u e s .  S o m e  a d d i t i o n a l  a s p e c t s  a f  
r e q u i r e d  image p r o c e s s i n g  are f o u n d  i n  a companion paper  
C G i l l e s p i e ,  1 9 8 6 7 .  A f t e r  t h e  d a t a  w e r e  c o r r e c t e d  f o r  i n s t r u r n e n t  
e f f e c t s ,  e m i t t a n c e  v a l u e s  w e r e  c a l c u l a t e d  f o r  t h e  s i s  image 
c h a n n e l s ,  u s i n g  a v a r i a t i o n  of t h e  method of Kah le  et  a l .  L-19807. 

C a l c u l a t i n g  Emittances From T I U S  Data,  . I n  order t o  calculate 
e m i t t a n c e s  f r a m  TIMS d a t a ,  it is n e c e s s a r y  t o  as5urr;e an s m i t t a n c e  
f o r  o n e  c h a n n e l  b e c a u s e  t h e r e  a r e  s e v e n  unknowns ( s i x  e m i t t a n c e s  
and  t h e  t e m p e r a t u r e )  b u t  o n l y  s i x  r a d i a n c e  measurements .  Eased 
on t h i s  a s s u m p t i o n ,  a model ground t e m p e r a t u r e  t a n  b e  calculated 
f a r  e a c h  p o i n t  i n  t h e  image. E m i t t a n c e s  f o r  t h e  o t h e r  charrneis 
are t h e n  found  f rom t h e  measured pho ton  f l u x  r a t i o e d  tc. t h e  flt-ix 
p r e d i c t e d  by P i a n c k ’ s  Law f o r  a b lackbody  a t  t h e  madel tempera-  
t u r e .  I n  t h i s  way, e m i t t a n c e  images  +or all six cbanf i e l s  were 
c o n s t r u c t e d  f r a m  t h e  a c q u i r e d  r a d i a n c e  images.  

Kah le  et a l .  C19801 assumed t h e  e m i t t a n c e  i n  c h a n n e l  h was always 
0.93. T h i s  is v a l i d  f o r  g r a n i t e s ,  b u t  n o t  f o r  maSic and u l t r a -  
m a f i c  r o c k s ,  which h a v e  low e m i t t a n c e s  n e i r  11 m. F s r  t h e s e  
r o c k s  t h e  r e s t s t r a h l e n  band l ies a t  l o n g e r  w a v e l e n g t h s  t h a n  
c h a n n e l  1, and  t h e  e m i t t a n c e  i n  c h a n n e l  1 is more-or-less 
c o n s t a n t .  T h e r e f a r e ,  f o r  g r a n i t i c  r o c k s  t h s  a s s u m p t i o n  of  Kah le  
et a l .  C19603 was u s e d ,  b u t  f o r  m a f i c  and  ultrarnz.fic rocks t h e  
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e m i k t a n c e  i n  c h a n n e l  1 war, t a k e n  t o  b e  0.98, a v a l u e  t h a t  w a s  

ths  f u t u r e  a m o r e  e l e g a n t  s o l u t i o n  would b e  t o  c a l c u l a t e  t h e  
a p p a r e n t  b lackbody t e m p e r a t u r e  f o r  e a c h  TIMS c h a n n e l ;  t h e  
c h a n n e l  f o r  which t h e  maximu.. t e m p e r a t u r e  t4as f o u n d  would be 
a s s i g n e d  XI a r b i t r a r y  e m i t t a n c e  <e.g . ,  0.951, and  t h e  r e m a i n i n g  
e m i t t a n c e s  would b e  c a l c u l a t e d  as d e s c r i b e d  above .  I t  would b e  
u s e f u l  t o  create a n  image t h a t  r e p o r t e d  t h e  c h a n n e l  which had t h e  
m a y  i mu= t e m p e r a t u r e ,  a1 so. For  t h i s  s t u d y ,  however ,  t h e  
s i m p l i f i e d  s c h e m e  i n  which e i t h e r  c h a n n e l  1 or b was f i x e d  w a s  
i ised.  

measured + o r  seve ra l .  s a s p l e s  on t h e  F lna lec t  s p e c t r o m e t e r .  I n  

Atmospheric €ffects-.* The method of c a l c u l a t i n g  e m i t t a n c e s  
d e s c r i b e d  above d o e s  n o t  correct f o r  a t m o s p h e r i c  e f f e c t s  s u c h  as  
a b s a r p t i o n  and r a d i a t i o r !  by water vapor .  Whi le  model correct ions 
h a v e  been  a p p l i e d  t K a h l e  et a l . ,  19811, t h e s e  depend on some 
kcowledge of t h e  a i r  m a 5 5  a b o v e  t h e  s c e n e  a t  t h e  t i m e  of d a t a  
a c q u i s i t i o n .  F o r  t h e  images  used  i n  t h i s  s t u d y ,  t h a t  v i t a l  
i n f o r m a t i o n  was l a c k i n g .  

However, recent .  i n v e s t i g a t i o n s  w i t h  JFL’s P o r t a b l e  F i e l d  Emiss ion  
S p e c t r o m e t e r  h a v e  shown t h a t  v e g e t a t i o n  is s p e c t r a l l y  f l a t  i n  t h e  
8-12 ,xm r e g i o n .  Any o b s e r v e d  s t r u c t u r e  i n  t h e  TIMS e m i t t a n c e  
s p e c t r a  of v e g e t a t i o n  is t h u s  a measure  o f  a c t u a l  a t m o s p h e r i c  
e f f e c t s .  T h e r e f o r e ,  a t m o s p h e r i c  e f S e c t s  were r e d u c e d  by n o r m a l -  
i z i n g  t h e  r a l r t l l a t e d  e m i t t a n c e 5  t o  v a l u e s  f o u n d  f o r  v e g e t a t i o n  i n  
t h e  s a m e  s cene .  T h i s  a p p r o a c h  is v a l i d  f o r  m u l t i p l i c a t i v e  mix ing  
(e.g., t r a n s l u c e n t  a t m o s p h e r e )  b u t  ntst f o r  a d d i t i v e  mixing  ( e . g . ,  
r a d i a t i n g  atmosphere! .  I t  is v a l i d  o n l y  f o r  a s i m i l a r  o p t i c a l  
p a t h  t h r o u g h  a s i n g l e  a i r  m a s s ;  t h u s  t h e  t a r g e t  and  t h e  v e g e t a -  
t i o n  mu5t be a t  s i m i l a r  s c a n  a n g l e s  and  e l e v a t i o n s ,  and  must b e  
viewed t h r o u g h  t h e  s a m e  m a s s  of  air .  Water v a p o r  a f f e c t s  
p r i m a r i l y  TIMS c h a n n e l  1, w h e r e a s  a t m a s p h e r i c  o z o n e  a f f e c t 5  
c h a n n e l  4. The e f f e c t  OR c h a n n e l  1 a p p e a r s  t o  b e  s t r o n g e r  and  
m o r e  v a r i a b l e  t h a n  f o r  c h a n n e l  4. 

U l t i m a t e l y ,  i t  w i l l  b e  d e s i r a b l e  t o  correct f o r  b o t h  
m u l t i p l i c a t i v e  and a d d i t i v e  a t m o s p h e r i c  e f f e c t s .  The i t e r a t i v e  
s p e c t r a l  mixing models  of Adam5 et a l .  E19861 c o u l d  p r o b a b l y  be 
m o d i f i e d  t o  d o  t h i s .  One of t h e i r  a d v a n t a g e s  is t h a t  i t  is n o t  
n e c e s s a r y  t o  c o m p l e t e l y  d e s c r i b e  t h e  a t m o s p h e r e  i n  o r d e r  t o  
i d e n t i f y  and remave its e f f e c t s  on t h e  image s p e c t r a .  

Sampling the I n a g e  Data.,, For  t h i s  s t u d y ,  s i x - v a l u e d  e m i t t a n c e  
s p e c t r a  w e r e  e x t r a r t e d  f r o m  t h e  p r o c e z s e d  images  for  si tes 
i d e n t i f i e d  on a n  i n t e r a c t i v e  image a n a l y s i s  s t a t i m  a t  JPL’s 
Image P r o c e s s i n g  L a b o r a t o r y .  Sites w e r e  s e l e c t e d  b a s e d  on f i e l d  
e x p e r i e n c e  and  e x i s t i n g  g e o l o g i c  maps [Maore, 1963; C a t e r  and  
W e l l s ,  1953; H a r p e r ,  1980, lSB41 t o  r e p r e s e n t  a l l  major r o c k  
t y p e s  e n c o u n t e r e d  i n  t h e  s c e n e s  s t u d i e d .  They w e r e  c h o s e n  
b e c a u s e  t h e y  c o n t a i n e d  o u t c r o p s  of rock l a r g e r  t h a n  t h e  “ 2 0 - m  
n a d i r  p i x e l s ,  1 7 0  v e g e t a t i o n ,  and  l i t t l e  s o i l .  



Laboratory  Spectra  

Thermal infrared reflectance spectra were dl50 obtained in the 
labmatory for rock samples collected at some sites identified in 
the TIMS images. Kahle et al. E19841 have demonstrated that, for 
remote observations of many natural rock surfaces, emittance and 
reflectance are strongly anticorrelated at thermal infrared wave- 
lengths, and are in fact related through Kirchoff's Law: 

where E(? , )  i 5  the emissivity or emittance and r ( x )  is the reflec- 
tivity or reflectance at wavelength ?, C e . g . ,  Lyon, 19653. Such 
is not the case for all samples, for example, powders and 
polished surfaces [Conel, 19691. I calculated emittance spectra 
according to equation (1). TIMS emittance values were simulated 
from laboratory data by integrating the praduct of the calculated 
emittance spectra and the TIMS instrtlment response functions for 
the six channels. 

Data  Regression 

All TIMS and simulated TIMS six-valued emittance spectra f w  the 
selected sites and rock types were fitted by Gaussian functions 
according to 

where CI is the amplitude, 1, is the central wavelength and c is 
the standard deviation. Note that in equation (2) the GaLtssian 
function is actually related to r ( X ) ,  not E(?,) .  The fitting was 
done by linear regression on the cumulative distribution function 
of (I-€(?,)) values plotted, an a probability grid, against the 
peak wavelengths o+ the s i x  spectral bands o-f T i M s .  T h e  central 
wavelength 1, of the fitted fLtnction w a s  found from the abscissa 
(1) value for which the regressed line had an ordinzte value 
(probability) of 0.5. The standard deviation w a s  found from t h e  
difference between 'x, and the wavelength at which the probability 
was 0.68. The third parameter, the amplitude A of the fitted 
function, cannot be found in the above manner. Instead, A is 
taken to be the maximum difference found among the s i x  calculated 
emittance values. 
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RESULTS 

TIMS and Laboratory Spectra 

F i g u r e s  1 t h r o ~ g h  5 show l a b o r a t o r y  r e f l e r t a n c e  s p e c t r a  and  TINS 
e m i t t a n c e  s p e c t r a  f o r  f r e s h  and w e a t h e r e d  s i l i ca te  r o c k s .  
L a b o r a t o r y  s p e c t r a  f o r  f r e s h l y  brokerr s a m p l e s  are shown i n  F i g u r e  
1, p l o t t e d  w i t h  r e f  Iec tance  i n c r e a s i n g  downward, t o  s i m u l a t e  
e m i t t a n c e .  411 t h e  s a r t p l ~ ~  c a m e  f rom t h e  s t u d y  areas, e x c e p t  t h e  
Eureka  Q u a r t z i t e ,  which w a s  f rom t h e  Death V a l l e y  d a t a  CKahle and  
b ! a l k m - ,  19847. R e f l e c t a n c e 5  r a n g e  f rom 1% t o  79% w i t h  t h e  m a x i -  
mum va!.ue I m i n i m t m  e m i t t a n c e )  o c c u r r i n g  a t  d i f f e r e n t  w a v e l e n g t h s  
f rom sample t u  s a m p l e ,  f rom 8.6 t o  10.3 m. 

T h e  o r t h o q u a r t r i t e  e x h i b i t e d  t h e  g r e a t e s t  e m i t t a n c e  ( r e f l e c t a n c 2 )  
c n n t r a s t ,  w i t h  a d o u b l e  r e s t s t r a h l e n  band f rom 8 t o  9 m which is 
r h a r a c t e r r z t i c  of Si&:. T h i s  d o u b l e t  i 5  a l s o  p rominan t  i n  t h e  
s p e c t r u m  of t h e  q u a r t z - r i c h  (28%) B u l l f r o g  q u a r t z  monzon i t e ,  
a l o n g  w i t h  o t h e r  b a n d s  a t t r i b u t a b l e  t o  f e l d s p a r  and  p o s s i b l y  c l a y  
m i n e r a l s .  These  b a n d s  are found f rom 9 t o  10 m, and m a k e  t h e  
s p e c t r u m  a s y m m e t r i c .  The maximum r e f l e c t a n c e  is +37X, much less 
t h a n  f o r  t h e  Eureka  Q u a r t z i t e .  T h i s  is p r o b a b l y  d u e  t o  t h e  l o w e r  
q u a r t z  c o n t e n t  of t h e  B u l l f r o g  p l u t o n  and  t o  t h e  abundance  of 
f e l d s p a r ,  which h a s  less i n t e n s e  r e s t s t r a h l e n  b a n d s  t h a n  q u a r t z .  

The s p e c t r u m  of quar t z -poor  (7%) r o c k s ,  a l so  f rom t h e  E u l l f r o g  
p l u t o n ,  shows t h e  q u a r t z  b a n d s  s u b o r d i n a t e  t o  t h e  f e l d s p a r  b a n d s ,  
which have  p e i k  r e f l e c t a n c e s  of o n l y  12X. The s p e c t r u m  of  t h e  
h o r n h l e n d e  d i o r i t e ,  which h a s  o n l y  a trace of q u a r t z ,  h a s  even  
lower r e f l e c t a n c e s  f o r  x -:: "9 MI. The f e l d s p a r  ( p l a g i o c l a s e )  
band n e a r  9.5 is st i l l  p r e s e n t ,  b u t  t h e  l a r g e s t  band is 
p r o b a b l y  due  t o  t h e  h o r n b l e n d e ,  c e n t e r e d  n e a r  "10.3 MI. 

F i n a l l y ,  t h e  s p e c t r u m  of t h e  J o s e p h i n e  P e r i d o t i t e  h a 5  a n  i n t e n s e  
band (38% c o n t r a s t )  n e a r  9.5 ,MI, and  a l a r g e  s h o u l d e r  near- 1 1  m. 
The dominant  band is a t t r i b u t a b l e  t o  s e r p e n t i n e  m i n e r a l s ;  t h e  
s m a l l e r  f e a t u r e s  are p r o b a b l y  drie t o  o l i v i n e .  

F i g u r e  2 c o n t r a s t s  l a b o r a t o r y  r e f l e c t a n c e  s p e c t r a  f a r  f r e s h l y  
b roken  and  n a t u r a l  wea the red  s u r f a c e s  of t h s  q u a r t z - r i c h  B u l l f r o g  
q u a r t z  m o n z o n i t e  and  t h e  s e r p e n t i n i z e d  J o s e p h i n e  P e r i d o t i t e  of  
F i g u r e  1. Weathered s u r f a c e s  of b o t h  r o c k  t y p e s  are less t h a n  
h a l f  as r e f l e c t i v e  as t h e  f r e s h  surfaces  i n  t h e  r e s t s t r a h l e n  
bands .  S u r p r i s i n g l y ,  t h e  contrast  i n  q u a r t z  b a n d s  is r e d u c e d  
p r o p o r t i o n a t e l y  m o r e  t h a n  t h e  b a n d s  a t  l o n g e r  w a v e l e n g t h s ,  f o r  
t h e  q u a r t z  monzoni te .  W e  t e n t a t i v e l y  a t t r i b u t e  t h i s  t o  t h e  
p r e s e n c e  of a t h i n  c l a y  coat on t h e  wea the red  s u r f a c e .  
R e s t s t r a h l e n  bands  f o r  t h e  c l a y  m i n e r a l s  f rom 9 t o  10 rn would 
keep  c o n t r a s t  h i g h  t h e r e .  

C o n t r a s t  f o r  t h e  w e a t h e r e d  p e r i d o t i t e  is r e d u c e d  e v e n  m o r e  t h a n  
f o r  t h e  q u a r t z  monzoni te .  CI b r o a d  f e a t u r e  i s  still e v i d e n t  at 10 
m, however. R p p a r e n t l y ,  the s e r p e n t i n e  m i n e r a l s  are n o t  
p r e s e r v e d  on  t h e  wea the red  s u r f  ace, which c o n s i s t s  p r i m a r i l y  of  
Fe o x i d e s ,  o r t h o p y r o x e n e ,  and  minor o l i v i n e .  
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t a n c e  
s p e c t r a  o f  f r e s h  s i l i c a t e  r o c k s  
( r e f l e c t a n c e  i n c r e a s e s  downward).  

f 1  F i g u r e  1. L a b o r a t a  Y 
F i g u r e  2. L a b o r a t o r y  r e f l e c t a n c e  
s p e c t r a  o f  f r e s h  and wea the red  r o c k s  
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F i g u r e  3 .  L a b o r a t o r y  r e f l e c t a n c e  
s p e c t r a  o f  f r e s h l y  b r o k e n  and n a t -  
u r a l  w e a t h e r e d  s u r f a c e s  o f  B u l l f r o g  
q u a r t z  m o n z o n i t e  compared t o  e m i t -  
t a n c e  s p e c t r a  c a l c u l a t e d  f r o m  T I N S  
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F i g u r e  4. T I N S  e m i t t a n c e  s p e c t r a  o f  
s i l i c a t e  r o c k s  (EL 2 0 . 9 5 ) .  The 
q u a r t z i t e  s p e c t r u m  was n a t  c o r r e c t e d  
f o r  a t m o s p h e r i c  e f f e c t s .  



F i g u r e  2 emphas izes  t h a t  r e m o t e l y  s e n s e d  images  show n a t u r a l  
s u r f a c e s  t h a t  are n o t  c o m p o s i t i o n a l l y  t h e  s a m e  as t h e  f r e s h  
bed rock .  N e v e r t h e l e s s ,  w e a t h e r i n g  is n o t  n e c e s s a r i l y  so  i n t e n s e  
t h a t  bedrock  compas i t i cm c a n n o t  b e  i n f e r r e d .  

F i g u r e  3 ccmpsres  t h e  TIMS e m i t t a n c e  spec t rurn  f o r  a n  o u t c r o p  of  
t h e  q u a r t z o s e  f a c i e s  of t h e  B u l l S r o g  p l u t o n  t o  t h e  l a b o r a t o r y  
r e f l e c t i v i t y  s p e c t r a  of  f r e s h  and  w e a t h e r e d  s u r f a c e s .  C l e a r l y ,  
t h e  TIMS spec t rum does n o t  r e s e m b l e  t h e  s p e c t r u m  of  t h e  f r e s h  
s u r f a c e ,  bu t  i t  is s i m i l a r  t o  t h e  s p e c t r u m  of t h e  w e a t h e r e d  
s u r f a c e .  Even so, t h e  e m i t t a n c e  f o r  TIMS c h a n n e l  1 a p p e a r s  t o  b e  
somewhat t o o  l o w .  P e r h a p s  t h i s  is d u e  t o  i n c o m p l e t e  correction 
f o r  a t m o s p h e r i c  w a t e r  , which a f f e c t s  c h a n n e l  1 m o s t  s t r o n g l y .  
I t  is a l s o  p o s s i b l e  t h a t  t h e  d i s a g r e e m e n t  arise5 from a n  
i n c o r r e c t  c h o i c e  of t h e  model e m i t t a n c e  f o r  c h a n n e l  t. To f i r s t  
o r d e r ,  t h i s  would i n t r o d u c e  a g r a d i e n t  i n  t h e  a p p a r e n t  s p e c t r u m ,  
b e c z u s e  of  the n o n - l i n e a r  n a t u r e  od t h e  P l a n c k  f u n c t i o n .  

F i g u r e  3 r e i n f o r c e s  t h e  # i n d i n g s  of  Mahle et al. E19S41, and  
d e m o n s t r a t e s  t h a t  TIMS e m i t t a n c e s  and  t h e  l a b o r a t o r y  r e f l e c t a n c e  
s p e c t r a  u s e d  ir! t h i s  s tudy  are i n  f a c t  r e l a t e d  t h r o u g h  K i r c h o f f ’ c ,  
law Ce4!2atiun 1 ) .  

F i g u r e  4 p r e s e n t s  f i v e  TINS e m i t t a n c e  s p e c t r a  f o r  d i f f e r e n t  
s i l i ca te  rclck t y p e s , .  A s  i n  F i g u r e  1, t h e  Eur-eka Q u a r t z i t e  s p e c -  
t rum has t h e  h i g h e s t  c o n t r a s t .  The e m i t t a n c e  f o r  TIMS c h a n n e l  3. 
is lower t h a n  e x p e c t e d  f rom t h e  s p e c t r u m  of t h e  q u a r t z i t e ,  which 
we a t t r i b u t e  t o  a t m o s p h e r i c  water. Kah le  and  W a l k e r  C19841 d i d  
n u t  c o r r e c t  t h e  q u a r t z i t e  s p e c t r u m  f o r  a t m o s p h e r i c  e f + e c t s  by  t h e  
method d e s c r i b e d  h e r e ,  b e c a u s e  of t h e  a b s e n c e  of v e g e t a t i o n  i n  
Doath V a l l e y .  The minimum e m i t t a n c e  of 0.22 far t h e  o t h e r  chan-  
n e l s  is c o n s i d e r a b l y  less t h a n  t h e  v a l u e  a f  0.77 p r e d i c t e d  by 
K i r c h o f f ’ s  L a w  f o r  t h e  +rer ,h  q u a r t z i t e .  P e r h a p s  t h i s  is d u e  t o  a 
t h i n  f i l m  of: d e s e r t  v a r n i s h  of t h e  n a t u r a l  w e a t h e r e d  s u r f a c e .  
Even 5 0 ,  t h e  q u a r t z i t e  c,pectrum h a s  n o i e  con t r a s t  t h a n  t h o s e  f a r  
the  ig.-ecus s i l i ca t e  r a c k c , .  

The s p c t r a  crf t h e  i g n e u u z  s i l i ca te  r o c k s  Eihow a d e c r e a s e  i n  
r n n t r a c t  and an i n c r e a s e  in t h e  wave leng th  a t  whikh t h e  minimum 
e m i t t a n r e  i s  -Found a5 t h e  c o m p o 5 i t i o n  berofiec, m a r e  m a f i c ,  as 
e x p e c t e d .  

F i g u r e  5 shows TIMS e m i t t a n c e  s p e c t r a  f o r  s e r p e n t i n i z e d  J o s e p h i n e  
P e r i d o t i t e  and for l a t e r i t i c  sctils d e v e l o p e d  o v e r  t h e  p e r i d o t i t e .  
The s o i l  spec t rum is n e a r l y  f l a t ,  a r e s u l t  c o r r o b o r a t e d  by d a t t  
f r c m  the JF’L F a r t a b l e  F i e l d  Emisz ion  S p e c t r o m e t e r .  The p e r i d o -  
t i t e  s p e c t r a  d i f f e r  f r c m  t h e  la ter i te  and  f r a m  e a c h  o t h e r  pr i rnar-  
i l y  i n  c h a n n e l s  4 and 5 (9.8 and 10.3 M I .  I n  F i g u r e  5 i t  is 
e v i d e r i t  t h a t  a false-colar- p i c t u r e  atf t h e  k i n d  used  in m o s t  e a r l y  
5 t ~ d i e 5  of TIMS d a t a ,  b a s e d  ofi c h s n n e l s  1, 3 ,  and 5, would &is- 
c r i m i n a t e  between t h e  f r e s h  and  4t ieatP:erecl  r o c k  p o o r l y ,  b e c a u s e  
c h a n n e l  4 was d i s c a r d e d .  T h i s  e m p h a s i z e s  t h e  need  to examine  a l l  
six image c h a n n e l s  i n  l i t h a l o g i c  mapping. 
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FRESH BEDROCK ( W A R R Y )  - 
-- NATURAL BEDROCK EXPOSURE - - * - CATERITIC SOIL OVER PERIDOTITE 

F i g u r e  5 .  TIMS e m i t t a n c e  s p e c t r a  f o r  J o s e p h i n e  P e r i d o t i t e  
and l a t e r i t i c  s o i l s  i n  n o r t h e r n  C a l i f o r n i a .  The e m i t t a n c e  
f o r  Channel  b was s e t  t o  0.95 
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' fo r  c o m p a r i s o n  t o  F i g .  4. 
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F i g u r e  6. C o n t i n u o u s  l a b o r a t o r y  r e f l e c t a n c e  s p e c t r a  (dashed  
l i n e ) ,  s i m u l a t e d  TIMS e m i t t a n c e  s p e c t r a  ( l i g h t  s o l i d  l i n e ) ,  
and Gauss ian  f u n c t i o n s  f i t t e d  t o  TIMS s p e c t r a  (heavy  s o l i d  
l i n e ) .  L e f t  f i g u r e  i s  f o r  s e r p e n t i n i z e d  p e r i d o t i t e ;  r i g h t  
f i g u r e  i s  f o r  q u a r t z  monzon i te .  Ko lmogorov -Smi rnov  t e s t  
s t a t i s t i c  i s  i n  t h e  upper  l e f t - h a n d  c o r n e r .  P a r e n t h e t i c a l  
v a l u e s  a r e  c a l c u l a t e d  f o r  r e f l e c t a n c e  Y S  1 - l a  
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F i g u r e  5 shows t h a t  s o i l s  d e v e l o p e d  a t o p  bedrock  need n o t  
r e s e m b l e  t h e  unweathered  s u b s t r a t e  a t  a l l .  H o w e v e r ,  i t  s h o u l d  b e  
p o s s i b l e  t o  d i s c r i m i n a t e  between so i l  and  b e d r o c k ,  and  even  t o  
estimate t h e  d e g r e e  and  w e a t h e r i n g  on bedrock  o u t c r o p s .  

F i t t i n g  Gaussian Functions t o  TIMS Data 

F i g u r e s  6 t h r o u g h  9 d e s c r i b e  t h e  r e g r e s s i o n  of  normal  f u n c t i o n s  
t o  t h e  e m i t t a n c e  s p e c t r a  and  show t h e  r e l a t i o n s h i p  among t h e  
t h r e e  p a r a m e t e r s  of t h e  f i t t e d  curves:  A,  x, and  4. F i g u r e  6 
shows l a b o r a t o r y  r e f l e c t a n c e  s p e c t r a ,  s i m u l a t e d  TIMS d a t a  and  
t h e  c u r v e s  f i t t e d  t o  them f o r  p e r i d o t i t e  and  q u a r t z  monzoni te .  
Fo r  p e r i d o t i t e ,  t h e  c o n t i n u o u s  s p e c t r u m  is s i m p l e ,  and  t h e  
a s s u m p t i o n  t h a t  i t  may b e  f i t t e d  by a G a u s s i a n  f u n c t i o n  a p p e a r s  
t o  b e  realistic. T h e  c o n t i n u o u s  s p e c t r u m  f o r  t h e  q u a r t z  
monzon i t e  c o n t a i n s  s e v e r a l  d i s t i n c t  f e a t u r e s ,  and  w i l l  b e  less 
w e l l  d e s c r i b e d  by  a Gauss i an  f u n c t i o n .  However, t h e  c o m p l e x i t y  
is n o t  e v i d e n t  i n  t h e  TIMS s p e c t r u m ,  which is s e v e r e l y  
undersampl  ed. 

The n o r m a l i t y  of t h e  TIMS s p e c t r a  w a s  t e s t e d  w i t h  t h e  one-sample 
Kolmogorov-Smirnov test Ce.g., B r a d l e y ,  1968; T i l l ,  19741, u s i n g  
t h e  mod i f i ed  t a b l e s  of L i l l i e f o r s  E19673 t h a t  a p p l y  whet? t h e  
p o p u l a t i o n  is unknown. The test r e s u l t s  show t h a t  t h e  h y p o t h e s i s  
t h a t  t h e  TIMS s p e c t r a  are normal c a n n o t  b e  r e j e c t e d  a t  t h e  SOX 
c o n f i d e n c e  leve l .  F i t t i n g  c u r v e s  a c c o r d i n g  t o  wavenitmber r a t h e r  
t h a n  wavelength  d i d  n o t  a p p r e c i a b l y  improve  t h e  f i t .  The u s e  of 
normal  c u r v e s  t o  d e s c r i b e  t h e  s i x - v a l u e d  TIMS s p e c t r a  i5  p r o b a b l y  
j u s t i f i e d ,  a l t h o u g h  t h i s  might  n n t  b e  t r u e  f o r  image d a t a  h a v i n g  
h i g h e r  s p e c t r a l  r e s o l c r t i o n  and  m o r e  c h a n n e l s -  

F i g u r e  7 p r e s e n t s  a v a r i a t i o n  d i ag ram r e l a t i n g  A ( e m i t t a n c e  
c o n t r a s t )  and x, ( c e n t r a l  wavelength!  f o r  norrrial f u n c t i c n s  f i t t e c j  
t o  TIMS e m i t t a n c e  s p e c t r a  f o r  v a r i o u s  s i l i ca t e  r o c k s .  The d a t a  
l o o s e l y  f o l l o w  a t r a j e c t o r y  i n  t h i s  d i a g r a m ,  a c c o r d i n g  t c l  

l i t h o l o g y .  6 g e n e r a l  d i s p e r s i o n  of  r o c k  t y p e s  w i t h  X, is 
m o r e  pronounced t h a n  w i t h  A. I t  a p p e a r s  t h a t  A d e c r e a s e s  a s  X, 
i n c r e a s e s  f o r  g r a n i t i c  r o c k s ,  b u t  f a r  m a f i c  and  u l t r a m a f i c  r o c k s  
A is unchanged o v e r  a 0.6-nxrn r a n g e  of ?,,=. These  r e s u l t s  are 
p r e d i c t a b l e  f rom t h e  l a b o r a t o r y  d a t a  p r e s e n t e d  above .  However, 
t h e  sca t te r  of  d a t a  - e s p e c i a l l y  a l o n g  t h e  A a x i s  - may arise i n  
p a r t  f rom n a t u r a l  v a r i a b i l i t y  of w e a t h e r e d  s u r f a c e s  i n  t h e  TIMS 
d a t a .  I n  p a r t i c u l a r ,  minor amounts  of  v e g e t a t i o n ,  i n c l u d i n g  
l i c h e n s ,  w i l l  s t r o n g l y  a f f e c t  A. 

F i g u r e  S shows t h e  effect  o-f s p e c t r a l  mix ing  between bedrock  and  
v e g e t a t i o n  (b l ackbody  or  graybody s p e c t r u m )  i n  TIMS d a t a .  The 
e m i t t a n c e  c o n t r a s t  i n  t h e  s p e c t r u m  for  q u a r t z  monzon i t e  i5  prog- 
r e s s i v e l y  reduced  w i t h  i n c r e a s i n g  v e g e t a t i v e  c o v e r .  T h i s  e f f e c t  
is n o t i c e a b l e  f o r  a s  l i t t l e  as 5% c o v e r  and p r o f o u n d l y  i n f l u e n c e s  
t h e  p a r a m e t e r  A. T h e r e  a p p e a r s  t o  b e  l i t t l e  e f f e c t  on t h e  s h a p e  
of t h e  s p e c t r a ;  t h e r e f o r e ,  w e  e x p e c t  c and X, t o  b e  less s e n s i -  
t i v e  t h a n  A t o  p a r t i a l  v e g e t a t i o n  c o v e r .  
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Figure  8 .  T I M 5  emi t t ance  s p e c t r a  
For rocks  of t h e  B u l l f r o g  p lu ton  
( S i e r r a  Nevada) under p a r t i a l  vege- 
t a t i o n  cover (shown t o  t h e  l e f t  of 
t he  s p e c t r a ) .  

Figure 9 .  Var ia t ion  diagram re-  F igu re  10, V a r i a t i o n  i n  A (maximum 
l a t i n g  r e g r e s s i o n  parameters  u emi t tance  c o n t r a s t )  w i t h  modal 
( s t a n d a r d  d e v i a t i o n )  and x, f o r  T I M S  q u a r t z  i n  s imu la t ed  T I M S  s p e c t r a  of 
e m i t t a n c e  s p e c t r a  of var  i ous v a r i o u s  s i l i c a t e  r o c k s ,  c a l c u l a t e d  
s i l i c a t e  rocks .  from l a b o r a t o r y  r e f l e c t a n c e  s p e c t r a .  

39 



A.R.  Gillespie: (4appirrg Silicate R a c k s , , -  

It is important to recognize that, in general, spectral mixing in 
thermal I R  ima.ges fan be quite complicated, even if it is limited 
to binary mixing between only two endmembers or components. Not 
only do t h e  emittance spectra characterlstic of the endmembers 
radiating to the sensor differ, but the temperatures at which 
they radiate may also. Because of the exponential temperature 
dependence of radiance in Flanck's Law, the effect o-F temperature 
di-Fferences can be profound. At the least, it implies that a 
particular mixed spectrum can b e  achieved by quite a range of 
endmember concentrations or fractions. Further complications are 
introduced because the shape of the blackbody spectrum is also 
temperature-dependent. Thus it is non-trivial to estimate the 
fraction of vegetation cover, for example, from thermal infrared 
data. Despite this, Figure 8 demonstrates that it is possible to 
d e t e c t  the presence of mixing in a straightforward manner. 

Figure 9 shows the relationship between the regression parameters 
c and x, for various silicate rocks. Althoqh Q ranges from 0.6 
to 0.9, there is no obvious correlation with IC. We note that 4 
is smallest for the monomineralic quartzite and for one of the 
peridotite samples. Granitic and especially mafic rocks have 
larger values of 6. Probably c is larger for rocks containing 
several minerals, and hence for complicated spectra containing 
reststrahlen bands at two or more wavelengths. Thus Q, like A ,  
m a y  be sensitive to spectral mixing. 

Regression Parameters and Rock Composition 

Figures 1 0  through 1 2  show how the parameters A and 'x, vary with 
two conventional measures of rock composition: modal quartz and 
si 1 i ca abundance. Figure 1 0  relates A and modal quartz 
abundance. As suggested from Figure 7, there is a pronounced 
positive correlation. The value of c) ranges from -0.07 for rocks 
PJith no quartz to "0.16 for granitic rocks with 30% quartz. For 
the Eureka Quartzite, c) is 0.22. The parameter A is clearly 
controlled in part by the intense quartz reststrahlen bands. As 
seen in Figure 8, in most image data FI will also be controlled by 
vegetative cover, thus complicating its interpretation. 

Figure 1 1  illustrates the covariation of X, and modal quartz. 
X, decreases from 9.7 to 8.5 mn as quartz content rises from 0 to 
100%. Half that variation occurs for quarti-free rock types. 
Ultramafic, mafic and granitic rocks and quartzite are all 
separable by &. The discrimination of the peridotites and 
quartz-free diorites shaws that x, is not sensitive to quartz 
alone. 

Figure 1 2  illustrates the correlation of X, and silica abundance 
for the same rock types as Figure 11. It is important to empha- 
size that X, is not responding to silica content p e r  se; rather, 
it i - s  rrsponding ta the succession of minerals that occurs with 
increazing silica in igneous rocks. Low-silica rocks contain 
olivine and pyroxene, both of which have reststrahlen bands near 
1 0  m. Rocks with more silica contain amphibole and feldspar, 
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F i g u r e  12 .  V a r i a t i o n  i n  1, ( c e n t r a l  
w a v e l e n g t h )  w i t h  s i l i c a  c o n t e n t  f o r  
s i m u l a t e d  T I M S  s p e c t r a  o f  v a r i o u s  
s i l i c a t e  r o c k s ,  c a l c u l a t e d  f r o m  
l a b o r a t o r y  r e f l e c t a n c e  s p e c t r a .  

which have bands from 9 to 1 0  m. High-silica r a c k s  have 
feldspar and quartz which ha5 bands from e to 9 Eselzaue_e 
silica content is a basis for the classification of igneaus 
rocks, it is useful tu note the indirect correlation of Ix, and 
si 1 ica abundance. 

The simple relationship between x, and modal quartz or silica and 
the separability of common i g n ~ o u s  rock types establishes 
regression of normal or other appropriate functions OR T I M S  
emittance spectra as a useful tool for the construction of imaqszs 

rock type can be made from &, so images o-f x, will be art aid in 
lithologic mapping. Addition of A and u images, alang with I,=, 
as elements in false-culor pictures would increase the amount of 
information available to the photointerpreter. 

+C=r phatainterpr=tation. r -  1 1 1  particLklst-, str-ang in-fer-encec, abauk 

SUMMCIRY 

Six-channel emittance images were calculated 4rom radiance images 
acquired in the spectral region 8-12 m by t h e  NASA airborne 
Thermal Mu1 tispectrial Infrared Scanner CTIMS! trver the Sierra 
Nevada batholith and over the Josephine ophiolite in California. 
The apparent emittances were fitted by Gau55ian functions 
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intended ta model the reststrahlen bands in the emittance 
spectra. Thus the information contained in the original six- 
channel image was, in a sense, "compressed" to three channels 
representing the width, amplitude, and central wavelength of the 
Gaussian function. The width was greater f o r  multimineralic 
rocks and appeared t o  be sensitive to mixing of mineral or rock 
types. Contrast was especially sensitive t o  quartz content. The 
central wavelength was correlated to modal quartz abundances 
found from thin sections and to silica abundances measured by 
microprobe analyses of rock samples from selected outcrops 
representing a range of rock types. It was the best single 
measure of rock composition. Peridotites, hornblende diorites, 
granodiorites and quartz monzonites were all separable by the 
regression parameters. 

Vegetative cover as low as 5% influenced the apparent 
emittances, and especially the contrast in the spectrum. Yet, 
because vegetation radiates like a blackbody or a graybody, 
spectral mixing of radiation from vegetation and a substrate daes 
not generally obscure features of the emittance spectrum of  the 
substrate, except for contrast. 

Thermal image data appear to be a valuable adjunct to field 
techniques in gealogic mapping of silicate rocks. They augment 
aerial photographs and near-infrared images in that they depict 
differences in silicate minerals composing the rocks, not just in 
the color index, the degree of Oxidation, or the extent of 
hydration. 
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